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Development of highly efficient thin film solar cells involves band gap engineering 
by tuning their elemental composition with depth. Here we show that grazing 
incidence X-ray fluorescence (GIXRF) analysis using monochromatic synchrotron 
radiation and well-characterized instrumentation is suitable for a non-destructive and 
reference-free analysis of compositional depth profiles in thin films. Variation of the 
incidence angle provides quantitative access to the in-depth distribution of the 
elements, which are retrieved from measured fluorescence intensities by modeling 
parameterized gradients and fitting calculated to measured fluorescence intensities. 
Our results show that double Ga gradients in Cu(In1-x,Gax)Se2 can be resolved by 
GIXRF.  2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821267] 
 
 
The physical properties of compound semiconductors depend on their elemental 
composition and hence, on the spatial distribution of their elements. The band gap of the 
compound semiconductor material Cu(In1-xGax)Se2 can be enhanced by increasing the Ga to 
In ratio. Similarly, the band gap of many other alloys of compound semiconductors can be 
tuned by means of their elemental compositions. In thin film solar cells, the in-depth 
tunability of the band gap of the absorber film is utilized to increase open circuit voltage and 
to reduce back contact recombination.
1,2
 Therefore, a detailed understanding and optimization 
of the solar cell performance requires a precise and reliable determination of the elemental 
depth distributions. For this task, non-destructive depth profiling methods are particularly 
attractive as they are in principle suitable for in-line process control and for real-time 
investigations during film deposition or reactive annealing processes.
3
 
The problem of an unambiguous and quantitative determination of elemental depth 
profiles in thin films such as Cu(In1-xGax)Se2 is not yet solved, as shown by Abou-Ras et al. 
in a comprehensive assessment of various depth-profiling methods.
4
 While standard methods 
such as secondary ion mass spectrometry (SIMS) or cross-sectional energy-dispersive X-ray 
spectrometry analysis (EDX) show a satisfactory agreement of the qualitative depth profiles, 
quantitative analyses rely on well-defined reference material, a reliable control of the probing 
volume and on additional determination of the overall composition, e.g. by X-Ray 
fluorescence analysis (XRF).  Moreover, common standard depth-profiling techniques are 
destructive. For a non-destructive determination of depth distributions in thin films, Kötschau 
et al. utilized grazing-incidence X-ray diffraction (GIXRD).
5,4
 However, with GIXRD only 
purely crystalline samples can be fully characterized, phase properties have to be well known, 
and the results may be distorted by mechanical strain, texture or grain size effects.  
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To overcome this problem, we employ grazing incidence X-Ray fluorescence analysis 
(GIXRF) for a quantitative analysis of the elemental depth distributions. GIXRF is not 
affected by the crystallographic properties of the characterized material and hence, in 
principle no foreknowledge of the properties of the samples is necessary.  
Previously, we have analyzed the principle capability of synchrotron-based GIXRF to 
discriminate variations in Ga distributions in Cu(In1-xGax)Se2.
6
 This discrimination capability 
is a necessary prerequisite for the principle ability to extract Ga distributions from measured 
GIXRF data. 
Here, we now show that Ga depth profiles in Cu(In1-xGax)Se2 thin films can be 
quantitatively determined with GIXRF by modeling depth distributions and fitting calculated 
fluorescence intensities to measured data. Well-defined monochromatic synchrotron radiation 
and radiometrically calibrated instrumentation is employed for the GIXRF experiments. A 
schematic drawing of the GIXRF measurement scheme is shown in Fig 1. The incidence 
angle between sample surface and incidence radiation was varied to tune the penetration 
depth, thus varying correspondingly the information depth of the fluorescence signals. 
Therefore, the fluorescence intensities measured under different incidence angles contain 
different information about the depth distributions of the elements. However the depth 
distributions cannot be directly derived from the angular dependent fluorescence intensities 
since for all incidence angles the measured intensities contain integral information originating 
from the entire excited probing volume in the film. A change of the incidence angle merely 
changes the weighting of the contributions from different depths. The main challenge of the 
method therefore is the reconstruction of the depth distributions from the complete set of the 
measured angular dependent fluorescence intensities.  
To reconstruct depth profiles from the measured fluorescence intensities, a three-stage 
algorithm based on a least square adjustment procedure is applied to match calculated 
intensities to measured intensities by modeling parameterized depth distributions. This 
approach necessitates a high accuracy of both the measurement and the calculation. The latter 
relies on the precision of the employed fundamental X-ray atomic parameters as well as on 
the appropriate consideration of secondary effects contributing to the fluorescence intensities. 
 
 
FIG. 1: Schematic drawing of the angular dependent grazing-incidence X-ray 
fluorescence measurements as a top view. The incidence angle between the incidence 
radiation of 11 keV and the sample is varied from 0° up to 25°. The angle between the 
silicon drift detector (SDD) and the incidence radiation is fixed at 90°. The investigated 
Cu(In1-x,Gax)Se2 layers were a few µm thick and the glass substrate 2 mm thick. 
 
To investigate the elemental depth profiling capability of GIXRF, Cu(In1-xGax)Se2, thin 
films were synthesized with different Ga depth profiles by means of the standard three-stage 
co-evaporation process. Details on the process can be found in Refs. 7 and 8. A variation of 
the Ga depth distribution was achieved by the use of two different maximum temperatures of 
530 °C and 430 °C during film synthesis.
8
 Both samples were prepared on molybdenum-
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coated soda-lime glass substrates. The adopted processing temperatures are of particular 
interest for solar cell fabrication since the first one is the highest temperature that can be 
imposed on standard soda-lime glass without causing deformation of the substrate due to 
softening; the latter is low enough to be able to use polyimide foils as flexible substrate.
8
  
GIXRF measurements were performed at the four-crystal monochromator (FCM) 
beamline
9
 in the laboratory of Physikalisch-Technische Bundesanstalt (PTB) at the electron 
storage ring BESSY II. At this bending magnet beamline, monochromatic synchrotron 
radiation of high spectral purity is available. A photon energy of 11 keV was used in order to 
excite the Cu K, Ga K and In L fluorescence. The beam profile has a size of approximately 
300 µm x 200 µm. Measurements were performed in an ultra-high vacuum chamber equipped 
with a 9-axis manipulator.
10
 For the detection of fluorescence radiation an energy-dispersive 
silicon drift detector (SDD) was placed perpendicular to the incident beam within the orbital 
plane to reduce scattered excitation radiation to a minimum. The detector was calibrated and 
characterized by PTB, so that its response functions and detection efficiency are well 
known.
11
 The incidence photon flux was determined by a calibrated photo diode. To 
determine the net fluorescence count rates, measured spectra for each angle of incidence were 
deconvoluted and fitted, taking into account the detector response functions
12
 as well as 
modeled background contributions from Bremsstrahlung and resonant Raman scattering.
13
 To 
deconvolute the spectral contributions of the three In-L subshells, constant multiplets of the 
fluorescence lines associated with each subshell were employed, which were derived from 
additional measurements on an In foil.
14
 The count rates obtained from the deconvolution 
were then converted to fluorescence intensities by using the efficiency of the SDD, and by 
normalization to both the incident photon flux and the effective solid angle of detection.  
The normalized fluorescence intensities of the Ga Kα, In Lα and Cu Kα lines are 
shown in Fig. 2 as function of the incidence angle for the Cu(In1-xGax)Se2 samples 
synthesized at 430 °C and 530 °C. The differences of the fluorescence intensities between the 
two different samples are larger than the total error limits of the measurements (see Fig. S3 in 
Supplemental Material
15
), indicating that the two samples have different depth distributions 
distinguishable by GIXRF. According to Lambert-Beer’s law, the contribution of a region of 
the sample to a fluorescence signal decreases with increasing depth, whereas an increase of 
the incidence angle leads to an increase of the contribution from deeper regions. 
Consequently, at shallow incidence angles the fluorescence intensities of the surface-near 
region dominate whereas with increase of the incidence angle the contributions of deeper 
parts of the layer to the fluorescence signals increase. It can be seen that for the 430 °C 
sample, the Ga fluorescence intensity between 1.5° and 4° decreases much faster than those 
for the 530 °C sample (in Fig. 2a). This indicates that the 430 °C sample features a stronger 
decrease of the Ga concentration with increasing depth. The In fluorescence signals show 
only small difference between the two samples (Fig. 2b). Due to a relatively short attenuation 
length for the In Lα fluorescence radiation, even at large angles the In Lα intensity is 
dominated by the front part of the sample (see Supplementary Material for details
16
). Thus, 
the similarity of the signals indicates that in the front part the two samples feature similar In 
concentrations. Additionally, in the investigated samples the In concentration is higher than 
that of Ga (see Supplemental Material
17
) and thus the relative variation of the In 
concentration can be expected to be smaller compared to that of Ga, leading to a smaller 
angular dependence of the In fluorescence on the In depth distribution.  The Cu fluorescence 
signals show a large difference which becomes smaller with increasing incidence angle (Fig. 
2c). This behavior can be explained by a depleted Cu concentration at the surface of the 430 
°C film. At higher incidence angles, the fluorescence intensity curves for all fluorescence 
lines converge to similar values. This indicates approximately equal integral mass deposition 
of the two samples. 
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For a quantitative reconstruction of the elemental depth profiles from the GIXRF data 
shown in Fig. 2, modeling of the angular dependency of the respective fluorescence lines is 
necessary. Our approach involves forward calculations of the fluorescence intensities 
assuming a parameterized model elemental depth profile. The resulting calculated angular 
dependent intensities are then compared with the measured angular dependent intensities. 
From the difference between calculated and measured intensities, a total error square χ
2
 is 
determined. A least square method using the Levenberg-Marquardt algorithm is then 
employed to find the depth profile that leads to a best fit between the GIXRF measurements 
and the calculations.  
 
FIG. 2: Grazing-incidence X-ray fluorescence intensities for (a) Ga Kα, (b) In Lα and 
(c) Cu Kα in dependence of the angle of incidence for two different Cu(In,Ga)Se2 films 
synthesized by three-stage co-evaporation process at 430 °C and 530 °C.  
 
To obtain a stable fit, a simple model gradient was chosen in this study, which 
approximates the Ga/In depth gradient to be double-linear and the Cu concentration to be 
constant over the depth. According to this model, the Ga concentration is allowed to have a 
minimum or maximum between the surface and the bottom of the film. The model gradient is 
described by six parameters: the [Ga]/([Ga]+[In]) ratio (1) at the front, (2) at a point between 
front and back, (3) and at the back of the thin film, (4) the position of the point between front 
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and back, (5) the overall [Cu]/([Ga]+[In]) ratio and (6) the thickness of the film. The Se 
concentration is calculated from the Ga, In and Cu concentration with the assumption that the 
composition of the film follows the pseudo-binary Cu2Se-(In,Ga)2Se3 phase diagram.
18
  
For the calculation of the angular dependent fluorescence intensities, the film is 
subdivided into 25 sublayers. The concentrations within each sublayer are assumed to be 
homogeneous as a convenient approximation. The individual thicknesses of the respective 
sublayers are chosen to increase with increasing depth to account for the decreasing 
sensitivity of the method with increasing distance from the film surface. The calculation takes 
into account primary and secondary fluorescence effects. (For an investigation of the 
contribution by secondary fluorescence to the total fluorescence for Cu(In,Ga)Se2 films, see 
Ref. 3). Relevant atomic fundamental X-ray parameters such as the fluorescence yield, the 
photo ionization cross sections and the total absorption cross-sections are employed. The 
effective fluorescence production cross section, including the Coster-Kronig transitions for In 
Lα at 11 keV has been newly determined according to Ref. 14. 
The modeling routine for the determination of the depth distributions from the GIXRF 
data consists of the following steps: (i) The measurement at the maximum angle of incidence 
is used to determine an integral Cu concentration (parameter 5) and the overall thickness (6) 
under assumption of a homogeneous Cu(In1-xGax)Se2 layer. (ii) To obtain an initial guess for 
parameter 1, the fluorescence intensities at incidence angles up to 0.2° are employed to 
determine the [Ga]/([Ga]+[In]) ratio at the front of the layer. (iii) All parameters except 
parameter 5 are refined by the least square fit to find the best match between calculated and 
measured fluorescence intensities. 
 
 
FIG. 3: Ga depth distributions resulting from the fit of grazing-incidence X-ray 
fluorescence (GIXRF) data and from cross-sectional energy-dispersive X-ray 
spectrometry (EDX) measurements for two different Cu(In1-xGax)Se2 sample 
synthesized by a three-stage co-evaporation process at (a) 430 °C and (b) 530 °C. 
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The Ga depth distributions retrieved from the GIXRF data by this procedure are plotted 
as solid lines in Figs. 3 for both samples, synthesized at 430 °C (a) and 530 °C (b). The step-
like course of the lines reflects the subdivision of the film into sublayers. (The corresponding 
depth distributions for Cu and In can be found in Supplemental Material, Fig. S1.
19
) For both 
samples, the graphs show a double gradient nature of the Ga distributions with a minimum 
between the surface and the bottom of the films. The uncertainty of the position of the 
minimum resulting from the fit is ± 0.2 µm. The result for the sample synthesized at 430 °C 
shows a more pronounced decrease of the Ga distribution in the center part of the film 
compared to the sample synthesized at 530 °C. This result is in agreement with the findings 
of Kaufmann et al.
8
 Such a Ga depth profile is detrimental for the solar cell performance 
since the steep Ga increase – implying a band gap increase – towards the front of the film, 
imposes a barrier for electrons between the p-type absorber and the n-type window layer
20
. In 
contrast, the sample synthesized at 530 °C shows a typical shallow profile of the Ga 
distribution,
4
 leading to high solar cell conversion efficiencies.
20
 
The depth distributions resulting from the GIXRF data are compared with depth 
distributions determined by cross-sectional EDX measurements (dashed lines in Figs. 3) 
performed in a scanning electron microscope. The depth-dependent EDX intensities were 
scaled such that the integral compositions match the ones determined by means of a standard-
based XRF instrumentation (see Supplemental Material for more details
17
). For both samples 
the positions of the minima of the modeled distributions are well in line with those of the 
distributions deduced from the EDX measurements. Also the compositions at the minimum 
of both methods show a close match. In contrast, the maximum Ga concentrations at the front 
and the back side of both films show much stronger deviations, with higher concentrations 
observed by EDX. It is difficult to judge which of the methods is closer to the true maximum 
compositions of the samples, since the precise error limits of both methods are not yet fully 
known. Apart from this it is clear that for a precise GIXRF analysis of depth profiles that 
deviate from a double linear shape, an extended depth distribution model with a larger 
number of free parameters is needed. In fact, for the best fit with the applied double linear 
model, the deviation of the calculated and measured fluorescence intensities is larger than the 
error limit of the GIXRF measurements (see Supplemental Material, Figs. S2 and S3 
15
). This 
finding indicates that the true depth profile deviates from the double linear model, as was also 
observed by EDX (Fig. 3). An increase of free parameters leads to a decrease of the stability 
of the deployed Levenberg-Marquardt fit algorithm. Alternative, more robust fitting strategies 
shall be investigated in the future. In addition, fluorescence line intensities of additional 
shells of the elements and variation of the incidence radiation energy may have to be included 
in the measurement and adjustment procedure to further increase the information content, and 
thus to be able to increase the number of parameters that describe the depth profiles. 
An increase of the number of parameters can reduce or eliminate the necessity of any 
foreknowledge of the elements and phases present in the sample. Thus, if accuracy of the 
measurements and the numerical calculation are further increased, quantitative 
characterization of samples with completely unknown composition and element distributions 
may become possible with this method. 
In the presented study, we employed synchrotron radiation at a beam-line with calibrated 
instrumentation. The low divergence and well-known intensities of this radiation are ideal for 
the investigation of the capability of GIXRF, but makes it unsuitable for standard 







 develop rapidly, high X-ray fluorescence count rates on a lab-
scale setup for in-line or other lab-size applications of this method should become feasible. 
Besides these perspectives, the more elaborate synchrotron-based approach is attractive as 
reference measurement method, since GIXRF in combination with calibrated instrumentation 
provides quantitative access to the in-depth distribution of the elements. It hence can be 
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employed for the qualification and characterization of reference material, which then can be 
used for the calibration of other lab-scale depth-profiling methods. In particular, this is of 
interest for the investigation of new materials, when reference materials do not exist. 
Moreover, with synchrotron radiation and presently available detector technology, already 
now real-time investigations of the evolution of quantitative Ga depth distributions during the 
growth of Cu(In,Ga)Se2 films with a time resolution in the order of minutes are feasible, if 
fluorescence intensities under various exit angles are measured simultaneously.  
 
In summary we conclude that GIXRF is suitable for reference free and non-destructive 
determination of elemental depth distributions in thin films. We have shown that Ga-In depth 
distributions in Cu(In1-xGax)Se2 thin films with a double gradient can be reconstructed from 
angular dependent GIXRF measurements by modeling depth distributions and fitting 
calculated fluorescence intensities to the measured data. The depth distributions gained by 
this method are in good agreement with depth distributions measured by cross-sectional 
EDX.  
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